Abstract: A series of novel half-titanocene complexes CpTiCl 2 [S-2-R-6-(PPh 2 )C 6 H 3 ] (Cp = C 5 H 5 , 2a, R = H; 2b, R = Ph; 2c, R = SiMe 3 ) have been synthesized by treating CpTiCl 3 with the sodium of the ligands, 2-R-6-(PPh 2 )C 6 H 3 SNa, which were prepared by the corresponding ligands and NaH. These complexes have been characterized by 1 H,
1
H, 13 C and 31 P NMR as well as elemental analyses. Structures for 2a-b were further confirmed by X-ray crystallography. Complexes 2a-b adopt five-coordinate, distorted square-pyramid geometry around the titanium center, in which the equatorial positions are occupied by sulfur and phosphorus atoms of the chelating phosphine-thiophenolate and two chlorine atoms, and the cyclopentadienyl ring is coordinated on the axial position. The complexes 2a-c were investigated as the catalysts for ethylene polymerization and copolymerization of ethylene with norbornene in the presence of MMAO or Ph 3 CB(C 6 F 5 ) 4 /
Introduction
The development of well-defined, single-site group 4 metal catalysts has attracted much attention for olefin polymerization [1] [2] [3] . Many studies have also been focused on the relationship between the structure and catalytic properties of a given catalyst with respect to polymer chain composition and architecture [4] [5] [6] [7] . Recent studies of half-metallocenes, having one cyclopentadienyl moiety and one monoanionic ligand have led to new classes of catalysts. The bridged half-sandwich group 4 metal complexes "constrained geometry" catalysts (CGCs) have proven to be a very successful class of catalysts which exhibit high activities and high comonomer incorporations [8] . Recently, non-bridged half-sandwich group 4 metal complexes containing anionic ancillary donor ligands have become a hot topic because of their easy modifications and remarkable catalytic activity for olefin (co)polymerization . For instance, Nomura et al. found that the half-titanocenes containing aryloxo ligands exhibited remarkable catalytic activity in olefin polymerization and efficient comonomer incorporation in ethylene/α-olefin copolymerization [10, 29] . Gibson and his coworkers reported a series of bis(phosphanylphenoxide) group 4 metal dichloride complexes, and further suggested that the use of ancillary ligands with softer L donors, such as phosphorus and sulfur, might offer beneficial stabilization of the highly reactive metal center [41, 42] . Subsequently, our group found that high-temperature living ethylene/norbornene copolymerization could be achieved by using bis(phenoxy-phosphine)-titanium complexes as the catalysts in the presence of MMAO [43] .
To combine the advantages of metallocene and phenoxy-phosphine ligands, we reported a series of [28] . We found that all complexes exhibited low to moderate activities towards homopolymerization of ethylene, but displayed excellent ability to copolymerize ethylene with norbornene, and catalytic activity was more than 100 times greater than that of ethylene homopolymerization in the case of Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al as cocatalyst, affording the copolymers with high comonomer incorporations. To further investigate the electronic effect of the ligand on polymerization behaviors, we synthesized some half-titanocene complexes containing phosphine-thiophenolate ligands. Herein, we thus described the synthesis and characterization of some novel phosphine-thiophenolate-based half-titanocene complexes, CpTiCl 2 [S-2-R-6-(PPh 2 ) C 6 H 3 ] (Cp = C 5 H 5 , 2a, R = H; 2b, R = Ph; 2c, R = SiMe 3 ), and explored their application in ethylene polymerization and ethylene/NBE copolymerization.
Chart 1.
Structures of complexes A-F.
Results and Discussion
A series of novel half-titanocene complexes CpTiCl 2 [S-2-R-6-(PPh 2 )C 6 H 3 ] (Cp = C 5 H 5 , 2a, R = H; 2b, R = Ph; 2c, R = SiMe 3 ) have been synthesized in high yields (76-85%) by treating CpTiCl 3 with the sodium of the ligands, 2-R-6-(PPh 2 )C 6 H 3 SNa, which were prepared by the corresponding ligands and NaH, as shown in Scheme 1. The resultant complexes were identified by 1 H, 13 C and 31 P NMR spectra and elemental analysis. The 1 H NMR spectra of these complexes showed no complexity, and the integration of complexes confirms a 1:1 ratio of cyclopentadienyl to phosphine-thiophenolate ligand. A doublet for the Cp hydrogens was observed for complexes 2a-c (2a, δ 6.47 ppm, J HP = 2.5 Hz; 2b, δ 6.45 ppm, J HP = 2.3 Hz; 2c, δ 6.44 ppm, J HP = 2.3 Hz), which suggests phosphorus is coordinated to titanium. The observed results were an interesting contrast to those found in the analogues containing o-di(phenyl)phosphanylphenolate ligands in which the phosphorus in A and C is not coordinated to Ti. In addition, all signals in the 31 P NMR spectra of complexes 2a-c (2a, δ 44.33 ppm; 2b, δ 43.32 ppm; 2c, δ 42.53 ppm) were shifted substantially downfield from the values found for the corresponding ligands 1a-c (1a, δ -13.1 ppm; 1b, δ −12.20 ppm; 1c, δ -13.6 ppm).
Synthesis and Characterization of Half-Titanocene Complexes CpTiCl 2 [S-2-R-6-(PPh 2 )C 6 H 3 ]
Crystals of 2a-b suitable for crystallographic analysis were grown from the chilled concentrated CH 2 Cl 2 -hexane mixture solution. The crystallographic data together with the collection and refinement parameters are summarized in Table 1 . Selected bond distances and angles for 2a-b and C-D [28] were summarized in Table 2 . If the centroid of the cyclopentadienyl ring is considered as a single coordination site, complexes 2a-b adopt five-coordinate, distorted square-pyramid geometry around the titanium center, where the equatorial positions are occupied by sulfur and phosphorus atoms of the ligands and two chlorine atoms. The cyclopentadienyl group is coordinated on the axial position, as shown in Figures 1-2 . The configurations of 2a-b in the solid state were in line with the results observed in the 31 P NMR spectra. These results are very different from those for complexes A-F, in which the steric bulk in R position is required in generation of five-coordinate, distorted square-pyramid geometry around the titanium center. However, for phosphine-thiophenolate-based half-titanocene complexes, the steric bulk in R position is not essential to generate distorted square-pyramid geometry around the titanium center. 
Ethylene (Co)Polymerization Catalyzed by 2a-c
To explore the catalytic behaviors of complexes 2a-c, ethylene polymerizations were carried out in the presence of modified methylaluminoxane (MMAO). Complex 2a showed moderate catalytic activity (2a, 190 kg/mol Ti h) for ethylene polymerization (conditions: ethylene 4 atm, MMAO/Ti = 1000, V total = 50 mL, 20 °C, 10 min). Introducing bulk group in R position decreased the activity (2c: 140 kg/mol Ti ·h). Complex 2b, bearing phenyl group in both R position, exhibited lowest activity among these catalysts (2b: 40 kg/mol Ti ·h). These data suggested that both the steric bulk effect and the electron-donating effect of R group play a key role to the enhanced catalytic activity. Using Table 3 .
Copolymerizations of ethylene with NBE by complex 2a/Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al took place at different NBE concentrations in feed. The activity increased upon the increasing the NBE concentration in feed from 0.3 to 0.5 mol/L (entries 1-2, Table 3 ), and decreased upon further increasing the NBE concentration (entries 3-4). This result was some different from the those by A/Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al catalyst system, in which the highest activity was observed at NBE concentration of 1.0 mol/L in feed [28] .The thiophenolate catalysts were less active than the phenolate catalysts. It was assumed that the electronegativity of sulfate is higher than that of oxygen, therefore, the cationic active species of thiophenolate catalysts is less electron deficiency. In addition, the NBE incorporation was lower than that obtained by complex A, especially at NBE concentration of 1.0 mol/L (2a: 33.8%, A: 53.2%, respectively). The resultant copolymers possessed relatively high molecular weights (MWs) with unimodal molecular weight distributions (MWDs), and the MW of the copolymers decreased upon the increasing NBE concentration (entries [1] [2] [3] [4] 
13
C NMR spectra of E/NBE copolymer with different NBE incorporations produced by 2a (A, 12.0%, entry 1; B, 24.3%, entry 2; C: 33.8%, entry 4 in Table 3 , respectively). Complex 2b with a phenyl group in R position showed much lower activity than complex 2a. The MWs of the resultant copolymers by 2b were also relatively lower than that those by 2a under similar condititions, whereas the NBE incorporation was higher than that by 2a (entries 2 vs. 9). Replacement of a phenyl group at the R position in complex 2b with a -SiMe 3 group (2c) led to higher activity. Moreover, 2c in combination with Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al could provide a high molecular weight ethylene-norbornene copolymer, M w 299 × 10 3 , with 1380 kg of polymer/mol of cat·h activity at a NBE content of 28.5 mol%.
The typical 13 C NMR spectra of poly(ethylene-co-NBE)s with different NBE incorporations are illustrated in Figure 3 . [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] Figure 3A showed that the microstructures of the COCs formed using 2a under low NBE concentration of 0.3 mol/L possessed alternating ethylene-NBE sequences and isolated NBE units. In contrast, resonances ascribed to NBE diads or triads were observed for the copolymers prepared at high NBE concentration of 0.5-1.0 mol/L (Figures 3B-C) , and the microstructures thus possessed a mixture of NBE repeat units in addition to the alternating, isolated NBE sequences.
Experimental

General Procedures and Materials
All manipulation of air-and/or moisture-sensitive compounds was carried out under a dry argon atmosphere by using standard Schlenk techniques or under a dry argon atmosphere in an MBraun glovebox unless otherwise noted. All solvents were purified from an MBraun SPS system. The NMR data of the ligands and complexes used were obtained on a Bruker 300 MHz, 400 MHz or 600 MHz spectrometer at ambient temperature, with CDCl 3 as the solvent (dried by MS 4Å). The NMR data of the polymers were obtained on a Varian Unity-400 MHz spectrometer at 135 °C, with O-C 6 D 4 Cl 2 as a solvent. Elemental analyses were recorded on an elemental Vario EL spectrometer. Mass spectra were obtained using electron impact (EI-MS) and LDI-1700 (Linear Scientific Inc). The weight-average molecular weights (M w ) and the polydispersity indices (PDIs) of polymer samples were determined at 150 °C by a PL-GPC 220 type high-temperature chromatograph equipped with three Plgel 10-µm Mixed-B LS type columns. 1,2,4-Trichlorobenzene (TCB) was employed as the solvent at a flow rate of 1.0 mL/min. The calibration was made by polystyrene standard EasiCal PS-1 (PL Ltd., Kawasaki, Japan). CpTiCl 3 were purchased from Aldrich. Modified methylaluminoxane (MMAO, 7% aluminum in heptane solution) was purchased from Akzo Nobel Chemical Inc. Commercial ethylene was directly used for polymerization without further purification. The other reagents and solvents were commercially available.
Synthesis of Half-Titanocene Complexes
Synthesis of Ligands 1a-c
Various Phosphine-thiophenol ([S,P]) ligands bearing different substituents on R position, 2-R-6-(PPh 2 )C 6 H 3 SH (1a, R = H; 1b, R = Ph; 1c, R = SiMe 3 ), prepared according to literature procedures [44, 48] . Compounds 1b (R = Ph) was prepared via a procedure similar to that for 1a and the characterizations of the compound are followed:
Synthesis of ligands 1b (2-Ph-6-(PPh 2 )C 6 H 3 SH). Yield: 68%. 
Synthesis of Half-Titanocene Complexes 2a-c
Synthesis of half-titanocene complex 2a (CpTiCl 2 [S-6-(PPh 2 )C 6 H 4 ]). To a stirred solution of 6-(PPh 2 )C 6 H 4 SH (0.294 g, 1.00 mmol) in dried tetrahydrofuran (THF) (15 mL) was added NaH (0.048 g, 2.00 mmol) at 0 °C, and the mixture was allowed to warm up to room temperature and stirred for an additional 6 hours. And then the mixture was filtered to remove residual NaH, and the filtrate cooled to 0°C, and 15 mL THF solution of CpTiCl 3 (0.219 g, 1.00 mmol) was added slowly. The cooler bath was removed, and the resultant mixture was warmed up to room temperature and stirred overnight. The solvents were removed under vacuum, and the residue was extracted with CH 2 Cl 2 (3 × 10 mL). The combined filtrates were concentrated under vacuum to about 5 mL, and 20 mL hexane was layered with this solution for several days at −30 °C to precipitate dark red crystals of 2a (Yield: 85%). 
Ethylene (Co-)Polymerization
A 200 mL stainless steel autoclave was heated under vacuum up to 150 °C for 6 h and then was cooled to and maintained at the desired reaction temperature. The reactor was charged with toluene and comonomer if desired under vacuum, and then the stirring motor was engaged to facilitate heat transfer. For single-component trials, a toluene solution of the catalyst was injected to the reactor, for co-catalyst-activated trials, a toluene solution of MMAO or Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al was also added, after which ethylene was fed continuously, which was manually adjusted to maintain a desired constant pressure. Temperature control was conducted by internal cooling water coils. After the prescribed reaction time, the stirring motor was stopped and the reactor was vented. The solid polyethylene was obtained by filtration after precipitation from ethanol, washed with ethanol and acetone, dried at 60 °C for 10 h under vacuum.
Crystallographic Studies
Single crystals of complexes 2b, 2e and 3g suitable for X-ray structure determination were grown from CH 2 Cl 2 and hexane solution in a glove box, thus maintaining a dry, O 2 -free environment. The crystallographic data, collection parameters, and refinement parameters are listed in Table 1 . The intensity data were collected with the  scan mode (186 K) on a Bruker Smart APEX diffractometer with CCD detector using Mo K radiation (λ = 0.71073Å). Lorentz, polarization factors were made for the intensity data, and absorption corrections were performed using the SADABS program. The crystal structures were solved using the SHELXTL program and refined using full matrix least-squares. The positions of hydrogen atoms were calculated theoretically and included in the final cycles of refinement in a riding model along with attached carbons.
Conclusions
A series of novel half-titanocene complexes CpTiCl 2 [S-2-R-6-(PPh 2 )C 6 H 3 ] (Cp = C 5 H 5 , 2a, R = H; 2b, R = SiMe 3 ; 2c, R = Ph) have been synthesized in high yields. The 1 H and 31 P NMR spectra indicated that the phosphorus is coordinated to titanium in complexes 2a-c. Additionally molecular structures show that complexes 2a-b adopted five-coordinate distorted square-pyramid geometry around the titanium center. The complexes 2a-c were investigated as the catalysts for ethylene polymerization and copolymerization of ethylene with norbornene in the presence of MMAO or Ph 3 CB(C 6 F 5 ) 4 / i Bu 3 Al as the cocatalyst. All complexes exhibited low to moderate activities towards ethylene polymerization. Note that these complexes displayed moderate to high activities towards copolymerization of ethylene with norbornene, affording relatively high-molecular-weight copolymers with unimodal molecular weight distributions. 
